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HIGHLIGHTS 


•  p-SiC  film  on  p-Si  substrate  as  a  photocathode  can  generate  appreciable  cathodic  photocurrent. 

•  p-SiC  film  on  p-Si  substrate  as  a  photoanode  also  can  generate  weak  anodic  photocurrent. 

•  p-SiC  film  on  n-Si  substrate  can  only  generate  obvious  anodic  photocurrent. 

•  The  dual  photocurrent  behaviors  of  p— p  structure  were  investigated  and  proposed. 

•  No  other  groups  reported  such  dual  photocurrent  behaviors  of  p-p  structure. 
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The  electrochemical  properties  of  single-crystalline  p-type  3C-SiC  films  on  p-Si  and  n-Si  substrates  were 
investigated  as  electrodes  in  H2SO4  aqueous  solutions  in  dark  and  under  light  illumination.  The  photo¬ 
electrochemical  measurements  with  different  wavelengths  of  light  sources  indicate  the  p-SiC  film  on  p-Si 
substrate  can  generate  a  cathodic  photocurrent  as  a  photocathode,  which  corresponds  to  hydrogen 
production,  and  generate  an  anodic  photocurrent  as  a  photoanode,  which  corresponds  to  oxygen  evo¬ 
lution.  The  photocurrent  density  on  wavelength  at  different  potentials  for  p-SiC  on  p-Si  was  investigated. 
IPCE  measurements  were  addressed  to  study  the  photoactive  wavelength  regimes  for  the  p-SiC  film  on 
p-Si  and  the  p-Si.  For  p-SiC  film  on  n-Si  substrate,  it  can  only  generate  an  apparent  photocurrent  as  a 
photoanode  for  oxygen  evolution.  The  analyses  on  anodic  and  cathodic  photocurrent  behaviors  of  the 
p-SiC  on  p-Si  and  the  p-SiC  on  n-Si  as  electrodes  were  proposed. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solar  energy  is  the  only  renewable  energy  source  with  the  hope 
to  completely  fulfilling  the  worldwide  energy  demands  of  our 
planet  in  the  future  since  the  consumption  of  fossil  fuels  is  leading 
to  pollution,  harmful  climate  change,  and  eventual  exhaustion  of 
the  carbon-based  fuels.  Today  much  attention  has  been  paid  to 
hydrogen  as  an  alternative  energy  carrier  to  fossil  fuels  thanks  to  its 
non-toxic  and  environmentally  friendly  nature.  The  use  of 
hydrogen  promises  to  overcome  energy  and  environmental  issues, 
because  it  can  be  efficiently  converted  to  electric  and  thermal 
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energy  by  its  consumption  in  a  fuel  cell,  leaving  only  water  as  a  by¬ 
product  and  no  pollutants  [1].  Since  Fujishima  and  Honda  [2]  first 
demonstrated  that  water  can  be  cleaved  into  its  constituents  at  a 
chemically  biased  TiC^  electrode  with  ultraviolet  (UV)  in  a  photo¬ 
electrochemical  (PEC)  cells  in  1972,  the  PEC  production  of  H2  and  O2 
using  semiconductor  photoelectrodes  has  received  considerable 
attention  [3,4].  Direct  solar-driven  photoelectrolysis  of  water  has 
great  potential  to  provide  hydrogen  for  a  sustainable  and  envi¬ 
ronmental  hydrogen  economy  [5,6].  The  generation  of  hydrogen  by 
splitting  water  under  solar  illumination  in  PEC  cells  is  of  great  in¬ 
terest  as  it  offers  an  environmentally  “green”  approach  to  hydrogen 
production  and  has  been  considered  for  decades  as  a  major 
enabling  technology  7,8].  The  efficiency  of  the  process  is  largely 
determined  by  photosensitivity  of  the  photoelectrode  [9].  To 
explore  an  efficient  and  economical  PEC  process  for  renewable 
hydrogen  production,  significant  efforts  have  been  focused  on  the 
semiconductor  materials  10,11]. 
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For  photoassisted  water  splitting,  the  principles  of  semi¬ 
conductor  physics  must  be  combined  with  those  of  electrocatalysis. 
Direct  photoelectrolysis  systems  require  the  semiconductor  should 
simultaneously  satisfy  several  material  conditions  relating  to  both 
the  bulk  and  the  interface  with  the  electrolyte.  First,  the  unassisted 
photoelectrolysis  of  water  requires  1.23  V  of  photopotential  from 
semiconductive  materials  which  have  band  edges  spanning  both 
the  oxidation  and  reduction  potentials  for  the  decomposition  of 
water  [12,13].  But  considering  the  cathodic  and  anodic  over¬ 
potentials,  the  minimum  bandgap  would  be  in  the  range  of  1.6- 
1.9  eV  14].  Flowever,  for  efficiently  absorbing  the  solar  spectrum 
and  increasing  the  solar  conversion  efficiencies,  the  semiconductor 
bandgap  should  be  less  than  2.8  eV  [15  .  The  second  criterion  re¬ 
quires  that  the  minority  band-edge  potential  and  the  bulk  Fermi 
level  potential  encompass  the  half  reactions  of  the  electrolysis  re¬ 
actions  of  interest,  that  is  for  n-type  semiconductor,  the  Fermi  level 
should  be  higher  than  the  hydrogen  evolution  (H2/H2O)  redox 
potential  and  the  valence  band  (VB)  edge  energy  level  should  be 
lower  than  the  oxygen  evolution  (FI2O/O2)  redox  potential  but  for 
p-type  semiconductor  the  conduction  band  (CB)  edge  energy  level 
should  be  higher  than  the  hydrogen  evolution  (H2/H20)  potential 
and  the  Fermi  level  should  be  lower  than  the  oxygen  evolution 
(FI2O/O2)  potential  [16].  Besides,  the  semiconductor  must  be  stable 
against  photocorrosion  in  aqueous  solutions. 

Up  to  now,  GaInP2  [17,18],  Cu20  [19-22],  InGaN  [23,24],  Fe203 
[25]  and  SiC  films  [26-28],  etc.  have  been  used  as  photocathodes 
for  solar  water  splitting.  However,  most  of  these  films  are  grown  on 
heterogeneous  substrates,  which  form  p-p  structure  or  p-n 
structure.  Therefore,  it  is  not  one  layer  but  the  multilayer  that  acts 
as  the  photocathode.  Although  the  H2  evolution  photocurrents  can 
be  obtained  by  using  multilayer  structure  as  the  photocathode  but 
the  photocurrent  for  H2  evolution  must  be  adapted  to  each  other.  So 
far  these  effects  have  hardly  been  considered  and  also  no  analysis 
on  this  phenomenon  has  been  reported  to  our  knowledge.  From  our 
studies  on  p-SiC  on  p-Si  substrate  and  p-SiC  on  n-Si  substrate  as 
electrodes  for  solar  water  splitting,  we  have  analyzed  the  photo¬ 
current  behaviors  of  such  multilayer  devices. 

In  this  study  the  electrochemical  (EC)  properties  of  single¬ 
crystalline  p-type  3C-SiC  films  on  p-Si  and  n-Si  substrates  were 
investigated  as  electrodes  in  H2S04  aqueous  solutions  in  dark  and 
under  light  illumination.  The  incident-photon-to-current- 
conversion  efficiency  (IPCE)  measurements  were  addressed  to 
study  the  photoactive  wavelength  regimes  for  the  p-SiC  film  on  p-Si 
and  the  p-Si.  Besides,  the  analyses  on  the  PEC  behaviors  of  the  p-SiC 
on  p-Si  substrate  and  the  p-SiC  on  n-Si  substrate  as  photoelectrodes 
were  proposed. 

2.  Experimental  section 

Single-crystalline  p-type  3C-SiC  films  on  p-type  Si  and  n-type 
Si  substrates  donated  by  the  Leibniz  Institute  for  Crystal  Growth 
(IKZ),  Berlin,  were  used.  The  thickness  of  SiC  films  is  around  6  pm 
and  the  doping  concentration  was  1015— 1016  cm-3  characterized 
by  secondary  ion  mass  spectrometry.  The  surface  was  cleaned  by 
acetone  and  isopropanol  in  ultrasonic  bath.  100  nm  gold  was 
deposited  on  the  etched  backside  as  an  ohmic  contact.  Before  the 
EC  measurements  the  surface  of  p-SiC  was  etched  by  HF  solution 
(10  wt%)  for  1—3  min  to  remove  the  oxide  surface.  The  PEC  ex¬ 
periments  were  performed  in  a  shielded  black  box  using  an  usual 
three  electrode  configuration.  The  working  electrode  of  p-SiC  on  Si 
substrate  had  an  effective  surface  area  of  0.5  cm2.  The  counter 
electrode  and  the  reference  electrode  were  a  Pt  loop  and  Ag/AgCl 
electrode  in  3  M  NaCl  solution,  respectively.  Illumination  source 
used  for  PEC  experiments  was  a  Zahner  LED  with  different 
wavelengths  at  a  constant  intensity  of  100  W  m-2.  The  electrolyte 


solution  used  was  0.1  M  H2SO4  and  the  pH  is  0.8  measured  by  pH 
meter. 

A  scanning  potentiostat  was  used  for  the  measurement  of  cur¬ 
rent-potential  dependence  and  IPCE  curves.  Mass  spectrometry 
(MS)  was  used  to  detect  the  generated  gas  in  the  PEC  cell. 

3.  Results  and  discussion 

3.1.  p-Type  3C-SiC  film  on  p-Si  substrate  used  as  a  photoelectrode  in 
PEC  cell 

Photoresponse  measurements  were  carried  out  by  means  of  a 
potentiostat  in  a  three-electrode  setup  with  Ag/AgCl  as  the  refer¬ 
ence  electrode  and  Pt  as  the  counter  electrode.  A  potential  scan  was 
started  from  the  cathodic  region  toward  the  anodic  region  with 
chopped  light.  The  scanning  rate  was  20  mV  s-1.  The  dependence  of 
photocurrent  density  on  potential  with  the  p-SiC  film  on  p-Si 
substrate  under  chopped  light  illumination  is  shown  in  Fig.  1.  In  the 
course  of  the  cathodic  scan  the  cathodic  photocurrent  shows  a 
continuous  increase  with  increasing  the  external  negative  bias, 
indicating  an  appreciable  photocurrent  generation  at  the  photo¬ 
electrode,  which  corresponds  to  hydrogen  evolution  at  the  surface 
of  the  p-SiC  films  on  p-Si  substrate  and  at  the  same  time  oxygen 
evolution  on  Pt  electrode.  However,  in  the  course  of  the  anodic  scan 
an  anodic  photocurrent  is  also  generated.  The  anodic  photocurrent 
increases  with  increasing  the  external  positive  bias  (see  the  inlet 
curve  in  Fig.  1 ),  indicating  the  film  exhibits  an  anodic  photocurrent 
behavior  as  a  photoanode.  The  appearance  of  the  photocurrent 
indicates  that  the  corresponding  anodic  bias  on  the  electrode  of  the 
p-SiC  film  on  p-Si  substrate  leads  to  light  induced  holes  transfer  to 
the  electrolytic  solution.  Therefore,  the  PEC  measurements  in¬ 
dicates  the  p-SiC  film  on  p-Si  substrate  can  generate  a  cathodic 
photocurrent  as  a  photocathode,  which  mostly  corresponds  to 
hydrogen  production,  and  generate  an  anodic  photocurrent  as  a 
photoanode,  which  mostly  corresponds  to  oxygen  evolution.  This  is 
a  quite  interesting  phenomenon.  From  the  literature  on  the  topic  of 
water  splitting  we  found  few  analysis  on  this  phenomenon.  For 
p-type  films  all  the  researchers  just  focus  on  the  cathodic  scan  for 
generating  photocurrent  in  PEC  experiments  [17-22,25].  We  will 
concentrate  on  this  novel  anodic  photocurrent  behavior  of  the 
p-SiC  film  on  p-Si  in  the  following  part. 

Fig.  2  shows  current  density-potential  curves  of  the  p-SiC  film 
on  p-Si  substrate  under  light  illumination  with  different 


Potential  (V  vs.  RHE  in  pH  0.8) 

Fig.  1.  Current  density-potential  curves  of  the  p-SiC  film  on  p-Si  substrate  under 
chopped  light  illumination.  The  light  intensity  was  set  at  100  W  m-2. 
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Potential  (V  vs.  RHE  in  pH  0.8) 


Potential  (V  vs.  RHE  in  pH  0.8) 


Fig.  2.  Current  density-potential  curves  of  the  p-SiC  film  on  p-Si  substrate  under  light 
illumination  with  different  wavelengths,  (a)  potential:  -3.6  to  4.0  V;  (b)  potential:  0— 
4.0  V.  The  light  intensity  was  set  at  100  W  rrr2. 


wavelengths  from  435  to  880  nm.  The  light  intensity  for  all  the  light 
sources  was  set  at  100  W  m-2.  It  shows  that  the  p-SiC  film  on  p-Si  as 
the  cathode  can  generate  cathodic  photocurrents  under  illumina¬ 
tion  by  all  the  light  sources  with  different  wavelengths.  The  film  can 
get  a  highest  cathodic  photocurrent  density  with  the  light  wave¬ 
length  of  740  nm  as  the  illumination  source.  However,  when  it  acts 
as  the  photoanode,  the  anodic  photocurrent  decreases  with 
increasing  the  wavelength,  see  Fig.  2(b).  But  beyond  510  nm  it 
almost  cannot  generate  the  photocurrent.  The  variations  of  current 
density  on  wavelength  at  different  potentials  are  shown  in  Fig.  3. 
From  Fig.  3,  it  is  clearly  seen  that  there  are  two  photocurrent  peaks 
on  the  curves  with  the  external  negative  bias:  one  is  at  610  nm  and 
the  other  one  is  at  740  nm.  The  3C-SiC  bandgap  is  around  2.3  eV  so 
it  can  absorb  the  light  below  530  nm.  The  Si  bandgap  is  1.1  eV, 
which  can  absorb  the  light  till  the  wavelength  of  1100  nm.  For 
water  splitting,  it  request  the  bandgap  of  the  semiconductor  should 
be  at  least  1.23  eV  in  theory.  But  considering  the  overpotential  on 
the  electrode,  the  minimum  bandgap  would  be  in  the  range  of  1.6- 
1.9  eV,  accordingly  which  also  can  absorb  the  light  with  the 
wavelength  in  the  range  of  650-775  nm.  So  the  highest  cathodic 


photocurrent  at  a  wavelength  of  740  nm  would  be  achieved  from 
the  contribution  of  Si.  However,  these  multiple  peaks  may  also  be 
attributed  to  the  LED  intensities,  which  need  to  be  studied  further 
later.  But  with  the  external  positive  bias  the  p-SiC  film  on  p-Si  as  a 
photoanode  can  only  generate  anodic  photocurrents  below  550  nm, 
see  Fig.  3(b). 

In  order  to  address  the  quantitative  correlation  between 
photocurrent  and  light  absorption  of  the  p-SiC  film  on  p-Si,  we 
performed  incident-photon-to-current-conversion  efficiency 
(IPCE)  measurements  to  study  the  photoactive  wavelength  regimes 
for  the  p-SiC  film  on  p-Si  and  the  p-Si  (Fig.  4).  IPCE  can  be  expressed 
as  [29] 

IPCE  =  (1240  x  J)/(A  x  Jlight) 

where  I  is  the  photocurrent  density,  X  the  incident  light  wavelength, 
and  7iight  the  measured  irradiance.  IPCE  curves  measured  at 
different  potentials  for  the  p-SiC  film  on  p-Si  and  the  p-Si  are  show 
in  Fig.  4.  The  precipitous  drop  in  IPCE  at  725  nm  was  caused  by  the 
recording  delay  of  the  system.  It  can  be  observed  that  the  p-SiC  film 
on  p-Si  with  an  external  negative  bias  presents  a  little  higher  IPCE 
value  in  the  visible  region  in  relation  to  p-Si.  The  IPCE  of  the  p-SiC 
on  p-Si  and  the  p-Si  as  photocathodes  in  the  visible  region  are  80% 
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Fig.  4.  IPCE  curves  measured  at  different  potentials:  (a)  p-SiC  film  on  p-Si;  (b)  p-Si. 


and  60%,  respectively,  which  confirms  that  SiC  film  can  contribute 
to  the  photocurrent  under  light  illumination.  These  results  clearly 
suggest  that  the  (e_)-(h+)  recombination  process  on  the  electrode 
surface  is  very  low,  which  is  helpful  for  water  splitting.  However, 
both  present  a  very  low  IPCE  value  when  acting  as  photoanodes.  So 
from  Fig.  4(a)  and  (b),  it  demonstrates  that  the  measured  cathodic 
photocurrents  with  the  structure  p-SiC  film  on  p-Si  are  generated 
by  the  p-SiC  and  the  p-Si  together  under  light  illumination. 

The  gas  generation  tests  of  p-SiC  on  p-Si  as  the  photoanode 
under  anodic  bias  and  as  the  photocathode  under  cathodic  bias 
were  performed  in  the  PEC  system  with  MS.  The  mass  spectra  are 
showed  in  Fig.  5.  From  the  mass  spectrum  in  Fig.  5(a)  it  indicates 
that  p-SiC  on  p-Si  as  the  photoanode  can  generate  O2  while  CO  was 
formed  due  to  the  surface  oxidation  but  less  CO2  detected  by  MS. 
With  the  PEC  test  going  on,  the  photocurrent  was  decreased  due  to 
the  surface  oxidation,  which  resulted  in  H2  generation  rate 
decreased.  Besides,  due  to  the  small  current  (tens  of  micro-Amps) 
the  generated  small  H2  bubbles  were  attached  on  the  counter 
electrode  (Pt  wire  loop).  Most  of  small  H2  bubbles  could  not  move 
to  the  top  of  the  PEC  cell  except  for  a  few  big  bubbles.  According  to 
the  mass  spectrum,  it  can  be  concluded  that  the  small  (tens  of 
micro-Amps)  of  current  observed  under  anodic  bias  in  Figs.  1  and  2 
stems  from  both  photocurrent  and  surface  oxidative  current.  The 
mass  spectrum  in  Fig.  5(b)  shows  that  our  PEC  system  with  the 
p-SiC  on  p-Si  as  the  photocathode  can  split  the  water  into  H2  and  O2 


Fig.  5.  Mass  spectra  of  p-SiC  on  p-Si  for  gas  generation  in  PEC  cell:  (a)  photoanode;  (b) 
photocathode. 


under  light  illumination.  After  H2  generated  on  the  surface  of  SiC, 
part  of  H2  can  be  absorbed  by  SiC  electrode  as  confirmed  by  van 
Dorp  et  al.  [30],  which  caused  the  low  amount  of  H2  detected  by  MS. 

As  presented  in  Figs.  1  and  2,  the  p-type  3C-SiC  film  on  p-type  Si 
substrate  shows  the  anodic  photocurrent  behavior  as  the  anode  and 
the  cathodic  photocurrent  behavior  as  the  cathode  under  light 
illumination.  For  isotype  heterojunction  semiconductors  such  as 
p-SiC  on  p-Si,  the  current-voltage  curve  is  more  complicated.  In 
our  case,  the  p-SiC  film  with  the  bandgap  of  2.3  eV  is  on  the  Si 
substrate  with  the  bandgap  of  1.1  eV.  Due  to  different  work  func¬ 
tions  between  SiC  and  Si,  the  energy  bands  are  bent.  For  isotype 
heterojunction  semiconductors,  the  current  density  is  given  by  [31  ] 


j= 


qWbiA*T 


kT 


exp 


-q0b\ 

kT  ) 


<*p(£m 


(1) 


where  J  is  the  current  density,  q  the  electron  charge,  A*  the  effective 
Richardson  constant,  0b  the  barrier  height,  V  applied  voltage.  The 
total  built-in  potential  Wt,i  is  equal  to  the  sum  of  partial  built-in 
voltages  (Wb  1  +  ^2),  where  ^1  and  Wb 2  are  the  electrostatic  po¬ 
tentials  supported  at  equilibrium  by  semiconductors  1  and  2, 
respectively.  The  reverse  current  never  saturates  but  increases 
linearly  with  voltage  at  large  —V.  In  the  forward  direction,  the 
dependence  of  J  on  V  can  be  approximated  by  an  exponential 
function  Joe  [exp(qV/ijkT)}  where  the  ideality  factor  7]  generally  has 
a  value  between  1  (for  diffusion  current)  and  2  (for  recombination 
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current).  When  a  negative  bias  is  applied  to  the  counter  electrode, 
the  SiC  film  gets  the  negative  voltage  by  considering  the  electrolyte 
as  the  conductive  wire  and  vice  versa.  Due  to  the  open-circuit  po¬ 
tential  in  the  electrolyte,  the  current  “0”  point  in  Equation  (1)  is 
shifted  compared  with  the  I—V  curve  of  hetero  p-p  structure  diode 
measured  in  air.  From  Figs.  1  and  2,  the  electrode  p-SiC  film  on  p-Si 
in  PEC  cell  can  generate  the  obvious  photocurrent  in  the  reverse 
current  region  and  the  weak  photocurrent  in  the  forward  current 
region  after  being  illuminated  by  light.  It  indicates  a  heterojunction 
semiconductor  can  generate  a  cathodic  photocurrent  as  a  cathode 
and  an  anodic  photocurrent  as  an  anode  [32].  For  the  p-SiC  film  on 
p-Si  with  light  illumination  in  the  reverse  current  region,  the 
electrode  as  the  cathode  creates  electrons  and  holes.  The  minority 
electrons  reduce  protons  or  water  at  the  electrode  to  produce 
hydrogen.  In  the  forward  current  region  most  of  the  created  elec¬ 
trons  and  holes  can  be  easily  recombined  and  the  photocurrent  is 
only  contributed  from  the  SiC  as  confirmed  from  IPCE  curves  in 
Fig.  4  so  that  the  photocurrent  is  much  lower  compared  with  the 
cathodic  photocurrent.  But  by  applying  the  higher  bias  some  holes 
can  be  moved  to  electrode  surface  from  the  SiC  for  oxidizing  water 
to  oxygen,  which  makes  the  onset  potential  shifted  to  the  positive 
direction. 


Fig.  6.  Energy  diagrams  of  PEC  components:  photocathode  (p-SiC  on  p-Si),  anode  (Pt) 
and  light  illumination:  (a)  with  an  external  negative  bias  and  (b)  with  an  external 
positive  bias. 


The  photocurrent-potential  curve  can  be  explained  by  energy 
diagrams,  see  Fig.  6.  As  the  SiC  absorbs  one  photon,  it  can  generate 
one  pair  of  electron  and  hole,  the  same  as  the  Si  substrate.  After  the 
external  negative  bias  is  applied  to  the  electrode,  the  electron  from 
SiC  will  be  driven  to  the  hydrogen  redox  potential  and  produce 
hydrogen.  Since  the  barrier  of  conduction  bands  between  p-SiC  and 
p-Si  is  very  small,  a  few  photogenerated  electrons  from  the  Si 
substrate  can  jump  into  the  SiC  with  a  higher  external  negative  bias 
due  to  tunneling  effect  and  then  some  electrons  can  move  to  the  SiC 
surface  for  hydrogen  evolution  before  recombination,  which  con¬ 
tributes  to  increase  the  cathodic  photocurrent.  But  when  it  acts  as 
the  photoanode,  the  holes  generated  from  the  SiC  can  be  driven  to 
the  oxygen  redox  potential  before  recombination  and  produce 
oxygen  by  applying  the  higher  external  positive  bias.  But  the  holes 
generated  from  the  Si  cannot  be  driven  into  SiC  due  to  the  large 
barrier  of  valence  bands  between  p-SiC  and  p-Si.  Hence,  the  anodic 
photocurrent  is  quite  small  with  the  contribution  only  from  the  SiC. 
Moreover,  for  oxygen  evolution  the  generated  holes  from  SiC  need 
more  external  energy  to  move  to  the  oxygen  redox  potential  due  to 
the  rapid  recombination  of  holes  and  electrons,  which  results  in  the 
anodic  cut-off  potential  shifted  more  to  the  positive  axis  direction 
far  away  from  “0”  point  compared  with  the  onset  cathodic  cut-off 
potential  as  shown  in  Figs.  1  and  2.  Therefore,  the  p-SiC  film  on 
p-Si  substrate  can  generate  a  strong  cathodic  photocurrent  as  a 
photocathode,  and  generate  a  weak  anodic  photocurrent  as  a 
photoanode.  As  is  known,  for  a  single  p-type  semiconductor  as  the 
typical  diode,  the  reverse  current  saturates  below  the  negative 
breakdown  voltage  but  the  current  increase  rapidly  in  the  forward 
direction.  When  the  single  p-type  semiconductor  is  used  as  a 
photoelectrode  in  PEC  cell,  it  can  generate  an  apparent  cathodic 
photocurrent  in  the  reverse  current  region  [33].  But  for  the  p-type 
3C-SiC  film  on  p-Si  substrate  it  is  not  one  single  layer  but  two 
hetero-layers  so  that  it  can  generate  a  strong  cathodic  photocurrent 
as  a  photocathode,  which  corresponds  to  hydrogen  production,  and 
generate  a  weak  anodic  photocurrent  as  a  photoanode,  which 
corresponds  to  oxygen  evolution,  as  shown  in  Figs.  1  and  2. 

3.2.  p-Type  3C-SiC  film  on  n-Si  substrate  used  as  a  photoelectrode 
in  PEC  cell 

Fig.  7  shows  the  current  density-potential  curves  of  the  p-SiC 
film  on  n-Si  substrate  in  dark  and  under  light  illumination  in  the 
PEC  cell.  No  apparent  photocurrent  is  observed  in  the  range  of 


Potential  (V  vs.  RHE  in  pH  0.8) 


Fig.  7.  Current  density-potential  curves  of  the  p-SiC  film  on  n-Si  substrate  in  dark  and 
under  light  illumination. 
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negative  potential  from  -3.6  to  0  V  although  very  weak  photo¬ 
current  exists,  indicating  the  p-SiC  film  on  n-Si  cannot  generate  an 
obvious  cathodic  photocurrent  as  the  photocathode.  But  in  the 
positive  region  of  bias  it  shows  an  appreciable  photocurrent  gen¬ 
eration  under  light  illumination  compared  with  the  current  den¬ 
sity-potential  curve  in  dark.  In  this  case  the  p-SiC  film  on  n-Si 
substrate  can  be  used  as  an  anode  for  oxygen  evolution,  which 
shows  an  anodic  photocurrent  behavior  for  water  splitting.  So  such 
kind  of  structure  is  also  very  interesting  to  solar  oxygen  evolution. 

For  anisotype  heterojunction  semiconductors,  the  diffusion 
currents  are  similar  to  a  regular  p-n  junction.  So  the  total  current  is 
decided  by  electron  and  hole  diffusion  current  and  given  by  [31  ] 


J  =  Jn  +Jp 


( <7Pn2 
\  Ln2NA2 


qDPi»nj 

^pl^Dl  J 


(2) 


where  J  is  the  current  density,  Jn  the  electron  diffusion  current,  Jp 
the  hole  diffusion  current,  q  the  electron  charge,  V  applied  voltage, 
T  the  temperature. 


( qDninl  qPpi  nfi  \ 
\Ln2NA2  +  LplJVD1 ) 


(3) 


In  the  reverse  direction  the  current  density  saturates  at  -Jo  and 
in  the  forward  direction  the  current  will  rapidly  increase  approxi¬ 
mately  as  exp  (qV/kT).  As  discussed  above  the  semiconductor 
electrode  can  generate  an  appreciable  photocurrent  in  the  reverse 
current  region.  It  indicates  that  the  p-SiC  film  on  n-Si  can  generate 
an  obvious  anodic  photocurrent  as  a  photoanode.  The  photocurrent 
behavior  of  the  p-SiC  on  n-Si  can  also  be  explained  by  energy  dia¬ 
grams,  see  Fig.  8.  When  p-SiC  absorbs  one  photon,  it  can  generate 
one  pair  of  electron  and  hole,  the  same  as  the  n-Si  substrate.  With 
an  external  negative  bias  applied  to  the  electrode,  the  electrons 
from  the  SiC  surface  can  move  to  the  hydrogen  redox  potential  for 
hydrogen  evolution.  Flowever,  for  the  photogenerated  electrons  in 
Si,  it  is  almost  not  possible  to  jump  into  SiC  due  to  the  large  barrier 
between  conduction  bands.  In  the  forward  current  region  the  dark 
current  is  very  large  by  itself  so  that  the  weak  cathodic  photocur¬ 
rent  is  not  obvious  on  the  current-potential  curve  although  it  ex¬ 
ists  indeed  as  shown  in  Fig.  7.  When  the  external  positive  bias  is 
applied  to  the  electrode,  the  photogenerated  holes  from  SiC  can  be 
driven  to  oxidize  the  water.  A  few  photogenerated  holes  from  Si 
would  also  contribute  the  anodic  photocurrent  due  to  tunneling 
effect.  Although  the  anodic  photocurrent  is  not  comparable  due  to 
the  fast  recombination  and  the  low  IPCE,  the  p-SiC  film  on  n-Si  can 
be  used  as  an  anode  for  solar  water  splitting. 


p-  SiC 


Fig.  8.  Energy  diagrams  of  PEC  components:  photocathode  (p-SiC  on  n-Si),  anode  (Pt) 
and  light  illumination:  (a)  with  an  external  negative  bias  and  (b)  with  an  external 
positive  bias. 


confirm  that  p-SiC  on  p-Si  as  the  photoanode  can  generate  O2  while 
CO  was  formed  due  to  the  surface  oxidation  but  less  CO2  detected 
while  as  the  photoanode  it  can  split  the  water  into  H2  and  O2  under 
light  illumination.  For  p-type  3C-SiC  film  on  n-Si  substrate,  it  can 
generate  an  appreciable  anodic  photocurrent  as  the  photoanode  for 
oxygen  evolution. 


4.  Conclusion 

The  electrochemical  properties  of  single-crystalline  p-type  3C- 
SiC  films  on  p-Si  and  n-Si  substrates  were  investigated  as  electrodes 
in  FI2SO4  aqueous  solutions  in  dark  and  under  light  illumination. 
The  PEC  measurements  indicates  the  p-SiC  film  on  p-Si  substrate 
can  generate  the  cathodic  photocurrent  as  the  photocathode,  which 
corresponds  to  hydrogen  production,  and  generate  the  anodic 
photocurrent  as  the  photoanode,  which  corresponds  to  oxygen 
evolution.  The  p-SiC  film  on  p-Si  as  the  cathode  can  get  the  highest 
cathodic  photocurrent  density  with  the  light  wavelength  of  740  nm 
as  the  illumination  source.  But  acting  as  the  photoanode  its  anodic 
photocurrent  decreases  with  increasing  the  wavelength.  Beyond 
510  nm  it  almost  cannot  generate  the  photocurrent  as  the  photo¬ 
anode.  The  IPCE  of  the  p-SiC  on  p-Si  and  the  p-Si  as  the  photo¬ 
cathode  in  the  visible  region  are  80%  and  60%,  respectively  but  both 
present  a  very  low  IPCE  value  as  the  photoanode.  The  mass  spectra 
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